Food insecurity is one of the most important social issues faced today, with 840 million individuals enduring chronic hunger and three billion individuals suffering from nutrient deficiencies. Most of these individuals are poverty stricken and live in developing countries. Strategies to address food insecurity must aim to increase agricultural productivity in the developing world in order to tackle poverty, and must provide long-term improvements in crop yields to keep up with demand as the world's population grows. Genetically enhanced plants provide one route to sustainable higher yields, either by increasing the intrinsic yield capability of crop plants or by protecting them from biotic and abiotic constraints. The present paper discusses a range of transgenic approaches that could increase agricultural productivity if applied on a large scale, including the introduction of genes that confer resistance to pests and diseases, or tolerance of harsh environments, and genes that help to lift the intrinsic yield capacity by increasing metabolic flux towards storage carbohydrates, proteins and oils. The paper also explores how the nutritional value of plants can be improved by genetic engineering. Transgenic plants, as a component of integrated strategies to relieve poverty and deliver sustainable agriculture to subsistence farmers in developing countries, could have a significant impact on food security now and in the future.
Introduction
In an ideal world, everyone would have secure access to an adequate supply of safe and nutritious food. This is something that Western societies take for granted, given the seemingly unlimited quantity and variety of fresh produce available on supermarket shelves. In the developing world, however, 840 million individuals are chronically undernourished, surviving on fewer than 8000 kJ (2000 kcal)/d (Pinstrup-Andersen et al. 1999; Food and Agriculture Organization, 2001 ). Many more individuals, perhaps one half of the world's population in total, suffer from diseases caused by dietary deficiencies and inadequate supplies of vitamins and minerals (Graham et al. 2001) .
Despite the prevalence of hunger and malnutrition, global food production has outpaced population growth over the last 40 years thanks mainly to the successes of the Green Revolution (Pachico et al. 2000) . Today's food insecurity is caused not by insufficient food production, but by poverty, with nearly 1·3 billion individuals living on less than US$1/d and another 2 billion only marginally better off World Bank, 2000) . These, the world's most deprived and impoverished individuals, do not have secure access to food. Most of the poor are rural farmers in developing countries, depending entirely on small-scale agriculture for their own subsistence and to make their livings. Because of limited purchasing power, the poorest farmers generally cannot irrigate their crops nor buy herbicides and pesticides. This leads to soil exhaustion and falling yields, and leaves the crops susceptible to pests, diseases and natural disasters such as drought. Many farmers are eventually forced to abandon their land and move to cities, adding to the growing problem of urban poverty and hunger (Royal Society of London et al. 2000; Smith et al. 2000; Department for International Development, 2002) .
Any long-term strategy to address food insecurity in the developing world must tackle the underlying problem of poverty by increasing the level of rural employment-based income through increased agricultural productivity (Lipton, 1999; Persley, 2000; Smith et al. 2000) . It must also take population growth into account. The world's population is predicted to double over the next 40 years, with over 95 % of individuals being born in developing countries (Byrnes & Bumb, 1998) . Therefore, food production must increase by at least 40 % to feed all the extra mouths, while land and water resources dwindle due to increased urbanisation, industrialisation and pollution (Byerlee et al. 2000; Rosegrant et al. 2001) . The only solution to this problem is to increase the yields of major food crops, particularly cereal grains, using currently available land and less water. This will need to be achieved with a variety of approaches, including the efficient use of organic and inorganic fertilisers, irrigation strategies, soil and water conservation, pest and disease management and the production of improved plant varieties with higher yields.
It is envisaged that crop varieties with improved agronomic performance will be generated using a number of methods, some based on conventional breeding, others on more recent developments in biotechnology, and perhaps some by combining both conventional and molecular strategies (Huang et al. 2002a) . The use of transgenic plants offers the greatest promise for the rapid integration of improved varieties into traditional cropping systems because improved plant lines can be generated quickly and with relative precision once suitable genes for transfer have been identified. It is recognised that biotechnology is not a magic wand that can free the world from poverty, hunger and malnutrition. However, we support the view that the use of transgenic plants, as one component of a wider strategy including conventional breeding and other forms of agricultural research, can contribute in a substantial manner towards the achievement of food security now and in the future. Significant challenges remain, not only in the achievement of the necessary scientific breakthroughs, but also in ensuring technology transfer to locally adapted crops and the negotiation of intellectual and technological property rights that protect inventors without encumbering the subsistence farmers for whom the improved crops are intended. The remainder of the present review is divided into four sections that explore different transgenic strategies that can be used to improve agricultural productivity; either by reducing extrinsic constraints or by increasing the intrinsic yield potential of crops. These approaches are shown schematically in Fig. 1 .
Genetic modification targets I: pest and disease resistance
Pests and pathogens are collectively described as biotic stresses and can be defined as biological constraints that reduce yields either by adversely affecting plant growth and development, or by consuming and/or spoiling the products of food crops in the field or in storage. In terms of food production, the most significant biotic constraints include insect pests, weeds, viral diseases, microbial diseases and nematodes. Together, these factors are thought to reduce crop yields worldwide by up to 30 %, but in developing countries this value may be much higher because the climatic conditions favour the survival and breeding of insect pests, which not only feed on plants but also act as vectors for many viral diseases. Weeds and insect pests have been identified as primary targets for GM technology, with the vast majority of commercially grown transgenic plants modified for herbicide tolerance, insect resistance or both (James, 2002) . The development of these GM crops has focused on the needs of producers in industrialised countries, since this offers the best opportunity for biotechnology companies to recoup the costs of their investments. Therefore, while there have been large cost savings and moderate yield increases in large mechanised farms practising intensive agriculture, there has been relatively little impact in the developing world. More than 40 million ha of land are planted with GM crops in the industrialised nations, compared with just 13 million ha in developing countries. In both cases, the majority of the land is devoted to Roundup Ready soyabeans (resistant to the herbicide glyphosate) and pest-resistant cotton and yellow maize varieties expressing toxin genes from the bacterium Bacillus thuringiensis (Bt) .
In order to address food insecurity issues in developing countries, the focus of biotechnology is beginning to turn away from temperate region cash crops, towards staple food crops favoured by rural farmers, where the increases in agricultural productivity and sustainability are required the most. China is leading the way with several new GM varieties of rice, wheat, maize and potato approaching commercialisation, modified for resistance to insect pests and a range of economically important viral and microbial diseases. Importantly, these products have been developed by public research institutions therefore limiting the constraints imposed by intellectual property issues and overburdening (and at times irrational) regulation (Huang et al. 2002a,b) . At the time of writing, field trials with pest-or disease-resistant transgenic crops are being conducted by public research institutions in eleven developing countries, with the ultimate aim of delivering new crop varieties to subsistence farmers with the least purchasing power (Toenniessen et al. 2003) . About twenty-five different crops are under evaluation, including tropical crops such as cassava, sweet potato and groundnut that are important sources of food in the developing world but which have been largely ignored by the private research companies in the West.
In this section, the different ways in which GM technology is being used to produce pest-and pathogen-resistant crops for developing country agriculture are explored, focusing on a small number of well-characterised pests and diseases. Importantly, transgenic plants have the potential to overcome many of the disadvantages of conventional breeding because there are no species barriers, so genes conferring resistance can be imported from any source and can be modified to improve their performance before they are introduced into the plant genome. The process is also much quicker than traditional plant breeding. Once a suitable resistance gene has been identified, resistant plant lines can be produced rapidly. Furthermore, transgenic methodology allows the development and implementation of strategies to accumulate resistance genes active against different pests and pathogens in the same plant line (resistance gene stacking) either by crossing singly resistant plants or by introducing multiple genes simultaneously. The same strategy can be used to limit the probability of pests and pathogens adapting to overcome the resistance, since multiple resistance proteins targeting the same organism can also be stacked in the plants, a strategy defined as resistance pyramiding.
Specific targets: weeds
Weeds compete with crops for resources, in some cases by parasitism. The cost of weeds, measured in terms of reduced yields, the application of herbicides, and the mechanical and manual labour required to control them, is probably the largest single input into agriculture. For this reason, weed control has been identified as the primary target for first generation GM technology and most of the transgenic plants grown in the world today have been modified for herbicide tolerance, allowing the use of safe, broad-spectrum herbicides such as glyphosate and basta. Although herbicide resistance is the most common strategy for weed control, several others are being evaluated including enhanced allelopathy, in which crop plants are modified to produce their own weed-inhibiting compounds (for a review, see Duke et al. 2002) . Typically, the primary crop is the target of modification, but such approaches can also be used to produce aggressive 'cover crops' that inhibit weeds before the primary crop is planted. There has been recent interest in the use of suicide transgenes inducible by temperature or photoperiod cues to cause cover crops to selfdestruct at the correct time of year (Stanilaus & Cheng, 2002) . It is also possible to modify microbial pathogens so that they preferentially attack weeds (for example, see Amsellum et al. 2002) .
Because GM technology in the West is driven predominantly by the potential for commercial gain, research has focused on the weed problems facing farmers in the industrialised nations. There has been little interest in developing crops with resistance to the weed species that plague subsistence crops in the developing world, even though this would have an immediate impact on food security. For example, Striga is a genus of parasitic flowering plants that infests cereal and legume crops throughout Africa. It is particularly difficult to control in maize crops and causes yield losses estimated at US$7 billion annually (Berner et al. 1995) . Genes allowing the selective control of this weed by herbicide application have been identified (Joel et al. 1995) but thus far no transgenic varieties have been produced (Gressel, 2002) . Progress towards the selective control of Striga in Africa has been made solely through mutation and conventional breeding for imazapyr resistance in maize (Kanampiu et al. 2001 (Kanampiu et al. , 2002 .
Specific targets: insect pests
Many crop plants are also food for insect pests, and devastating losses occur throughout the world due to pest infestations either in the field or in stored products such as cereal and legume grains. In the developing world, about one half of all crop production is thought to be lost to insects, 15 % of these losses occurring due to post-harvest consumption and spoilage (Gatehouse et al. 1993) . Insects not only cause direct yield losses by damaging and consuming plants, they also act as vectors for many viral diseases and the damage they inflict encourages microbial infections.
In the industrialised world, pest control is heavily dependent on chemical inputs, which are expensive and damaging to the environment. The chemicals are non-selective, killing harmless and beneficial insects as well as pests, and accumulating in water and soil. In the developing world, many farmers are too poor to afford pesticides and are left at the mercy of nature. In any case, chemical control measures are ineffective against some of the worst pests, such as the rice brown planthopper (Nilaparvata lugens) which feeds by sucking sap from the phloem. Another major problem is that insects evolve resistance to chemical insecticides (Schuler et al. 1998) .
Because of these difficulties, insect pests represent another primary target of GM technology (Estruch et al. 1997; Schuler et al. 1998) . The genetic modification of plants to express insect-resistance genes offers the potential to overcome all of the shortcomings listed above, since genes that show exquisite specificity towards particular pest species have been isolated from bacteria and other sources, thus minimising the threat towards non-target organisms. Furthermore, the expression of such proteins within plants allows the effective control of insects that feed or shelter within the plant, and the degree of protection is not influenced by the weather, as is the case for topical chemical pesticide applications. Finally, the probability of insects becoming resistant to the transgenic plants can be reduced by a number of strategies, such as pyramiding resistance genes affecting different receptors in the target insect, conditional expression and the provision of 'safe-havens' or refuges, to reduce selection pressure. Several different types of genes have been exploited to control insect pests, including bacterial toxins, protease inhibitors and lectins.
Bacillus thuringiensis genes. Although several microbial species have been used as sources of insecticidal genes, the most popular source by far is Bt (Peferoen, 1997; de Maagd et al. 1999) . This is a spore-forming bacterium that produces insecticidal toxins during the sporulation process. The toxins are alternatively known as crystal (Cry) proteins, δ-endotoxins or Bt toxins. They are expressed as inert protoxins that are activated by proteinases in the highly alkaline environment of the insect gut. This provides an important safety barrier since the environment in which the toxins are activated is unique to insects, and thus it is safe for other animals, and humans, to ingest plants expressing Bt toxins. Once activated, the toxins interact with receptors on the midgut epithelium cells creating pores in the plasma membrane by disrupting osmotic balance. This results in paralysis and the ultimate death of the insect.
Nearly 40 % of all the commercially grown transgenic plants in the world contain synthetic insecticidal toxin genes from Bt (James, 2002) . Different subspecies and strains of bacteria produce toxins with different, but always highly specific, host-ranges allowing individual pests to be targeted (van Frankenhuyzen & Nystrom, 2002) . Over thirty plant species have been engineered with modified Bt genes and many of these have been commercialised or are undergoing field trials (for reviews, see Schuler et al. 1998; de Maagd et al. 1999; Hilder & Boulter, 1999; Llewellyn & Higgins, 2002) . Therefore, a large amount of quantitative data has been obtained in terms of improved yields and reduced insecticide use. For example, the NewLeaf® potato variety marketed by Monsanto contains a modified cry3A toxin gene. It demonstrated very effective control of the Colorado potato beetle and allowed a 40 % reduction in pesticide applications (Carpenter & Gianessi, 2001 ). In the case of YieldGuard® maize, there has been effective control of the target pest (the European corn borer; Ostrinia nubilalis) but only a small reduction in pesticide use (1·5 %) reflecting the fact that pesticides are ineffective against this species and are rarely used (Carpenter & Gianessi, 2001 ). An important knock-on effect of the Bt maize variety was the reduction in insect-mediated feeding damage, which helped to limit adventitious access and further spoilage by fungal pathogens and mycotoxin contamination (Llewellyn & Higgins, 2002) .
In the developing world, Bt cotton varieties are leading the way in the fight against hunger by showing how GM technology can increase agricultural yields and contribute to the alleviation of poverty. Bt cotton was adopted by China in 1997 and now accounts for about one-third of all cotton grown in that country (Pray et al. 2002) . Rural farmers have reported yield gains year on year (5-10 %) and a reduction in labour and agrochemical costs. Bt cotton varieties are now grown commercially in six developing countries (China, India, Argentina, Indonesia, Mexico and South Africa), with particularly encouraging results in Mexico where these varieties have all but eliminated infestation problems on smallholder farms caused by the pink bollworm (Pectinophora gossypiella; Traxler et al. 2003) .
The provision of locally adapted Bt cereal crops would have a more direct impact on hunger in the developing world, and this is beginning to happen in the case of Bt maize, which is grown in both Argentina and South Africa by smallholders for commercial exploitation and their own consumption. Bt maize varieties are nearing approval in China, and are being field-tested in Egypt, the Philippines and Kenya. While in some countries the technology has been developed by the US company Monsanto and adapted for local varieties by backcrossing, Bt maize in China and Kenya has been developed by scientists working in public research institutions (Bohorova et al. 2001; Huang et al. 2002b) .
Insect-resistant Bt rice containing the cry1Ab gene was first produced over 10 years ago (Fujimoto et al. 1993) . The transgenic plants were resistant against lepidopteran pests such as the striped stem borer (Chilo suppressalis), which showed mortality rates of 10-50 % compared with no mortality in the untransformed control plants. Several groups have reported enhanced resistance to the striped stem borer and yellow stem borer (Scirpophaga incertulas) in rice plants transformed with cry1Ab Ghareyazie et al. 1997; Wu et al. 1997; Alam et al. 1998; Datta et al. 1998) . Mortality rates of up to 100 % have also been reported with rice plants expressing cry1Ac (Nayak et al. 1997 ) and cry2A (Bano-Maqbool et al. 1998) . Bt rice is now being field-tested in several developing countries and is reaching the last stages of the approval process in China (Tu et al. 2000; Ye et al. 2001a; Khanna & Raina, 2002) . The field evaluations in China have been very successful. Tu et al. (2000) showed that a Bt commercial hybrid variety expressing the cry1Ab gene produced a 28 % yield increase compared with wild-type plants. Ye et al. (2001a) produced a rice line expressing cry1Ab that was entirely protected against stem borer attack throughout the growing season, while more than 80 % of untransformed plants were damaged. Similarly, the cry1Ac transgenic IR-64 and PusaBasmati 1 lines produced by Khanna & Raina (2002) were almost completely protected against the yellow stem borer.
Recent developments include the stacking of multiple Bt genes and the use of fusion genes to provide enhanced resistance against a range of insect pests. For example, Cheng et al. (1998) produced rice plants expressing both cry1Ab and cry1Ac, which were shown to eliminate stem borer larvae within 5 d. Ye et al. (2001b) described transgenic plants expressing a cry1Ab/cry1Ac fusion gene, and showed that damage from four lepidopteran pests was almost completely eliminated. In an adjacent plot, nontransgenic plants were protected from attack by lepidopteran insects by pesticide application, but instead succumbed to planthoppers, which are homopteran (sapsucking) pests. This direct reduction in pest damage, plus the secondary reductions in insecticide-induced planthopper infestation and insect-transmitted viral diseases, has great potential to increase yields and contribute significantly to food security throughout Asia.
Protease and amylase inhibitors. While bacterial toxins have been widely used as insecticides, there is also increasing research into the use of enzymes that inhibit the digestion of food in the insect gut and therefore act as anti-feedants. Many plants appear to express such enzymes as a defensive strategy and the genetic manipulation of crops now allows the corresponding genes to be transferred between species. Depending on whether the dietary intake of the insect is predominantly protein or carbohydrate, the expression of proteinase inhibitors (Lawrence & Koundal, 2002 ) and α-amylase inhibitors (Chrispeels et al. 1998) should prevent the uptake of nutrients and therefore starve or delay the development of insect larvae. Insects that predominantly consume plant proteins produce gut proteases such as trypsin and elastase, which are required for digestion. Many plants express trypsin inhibitors, particularly in their seeds, and these can be manipulated to protect susceptible plants from insect pests. In China, a GM rice variety resistant to three rice pests is coming to the end of its environmental release trials and will probably be commercialised in the near future. This variety contains a Bt gene, the gene for cowpea trypsin inhibitor and the Xa21 gene for resistance against bacterial blight (see later; p. 28).
Lectins. The Bt toxins and digestion inhibitors discussed earlier (pp. 26-28) are active mainly against lepidopteran and coleopteran species. There are few insecticidal proteins that are active against the significant threat of homopteran (sap-sucking) pests, such as the rice brown planthopper, which not only destroy plants directly but act as vectors for a number of very severe viral diseases (for example, rice tungro virus, grassy stunt virus and ragged stunt virus). One group of proteins that does possess such activity is the lectins, with snowdrop lectin (Galanthus nivalis agglutinin; GNA) the most widely exploited because it has been shown to have no toxic effect on mammals (Gatehouse & Gatehouse, 1998) . Importantly, several groups have shown that the gna gene can be stacked with Bt toxin genes to provide simultaneous resistance to a broad range of insect pests. For example, Bano-Maqbool et al. (2001) have produced transgenic rice plants expressing two Bt genes and gna, and these plants show resistance to the three most important rice pests in Asia: rice leaf folder, yellow stem borer and brown planthopper.
Specific targets: crop diseases
Many plants have evolved resistance mechanisms that protect them either generally from pathogens or against particular pathogen species. The transfer of genes from resistant to susceptible species is one GM strategy that can be used to accelerate conventional breeding for disease resistance (Salmeron & Vernooij, 1998; Stuiver & Custers, 2001 ).
The plant cell has a number of general defence responses that occur in the presence of any pathogen. One of the first responses is a burst of reactive oxygen species, resulting in the activation of signal transduction pathways that lead to programmed cell death (Lamb & Dixon, 1997) . This is known as the hypersensitive response and prevents the spread of infection by killing cells at the infection site. Metabolic changes in adjacent tissues then occur to generate physical and chemical barriers to further infection. The cell wall is strengthened, antimicrobial molecules called phytoallexins are synthesised, defence peptides such as defensins and thionins are expressed and there may also be synthesis of pathogenesis-related proteins (PR-proteins) such as hydrolytic enzymes that break down bacterial and fungal cell walls (Bowles, 1990; Kuc, 1995) . Plant cells surrounding the infection site also produce long-range signals that induce the synthesis of PR-proteins throughout the plant. This is known as systemic-acquired resistance and protects the plant from subsequent attacks by the same pathogen and others (Sticher et al. 1997) .
As well as these general responses, plants may synthesise specific resistance proteins that interact with particular components of a given pathogen. These components are known as avirulence factors, and they are neutralised by contact with the resistance proteins (Flor, 1971; Bent, 1996) .
In addition to exploiting natural plant defences, foreign genes can be expressed in plants to prevent or delay pathogen infections. Two major strategies are utilised: pathogen-derived resistance, in which a pathogen gene is expressed in the protected plant, and pathogen-targeted resistance, in which a foreign gene is used to interfere with pathogen infection or reproduction. Examples of all these defence strategies are discussed below.
Enhancing general defence responses to prevent fungal diseases. Pathogenic fungi are responsible for a large number of crop diseases that are very difficult to control using conventional chemical measures (Punja, 2001) . As well as reducing yields, fungi also produce mycotoxins that contaminate stored grain and pose a severe threat to human health (Scholthof, 2003) . Major fungi that infect food crops include Rhizoctonia spp. (affecting many crops and causing diseases such as sheath blight in rice), Fusarium spp. (which cause scab in wheat and barley), Puccinia spp. (which cause rust diseases in wheat), Erysiphe graminis f. sp. tritici (which causes powdery mildew in wheat), Mycosphaerella fijiensis (which causes black Sigatoka disease in banana) and Magnaporthae grisea (which causes blast in rice). Perhaps the best-known fungal disease of plants is late blight of potato, caused by Phytophthera infestans, which was responsible for the Irish potato famine in the 1840s and has re-emerged recently as a new and more aggressive disease of potato and tomato that is resistant to fungicides such as metalaxyl (Fry & Goodwin, 1997) .
Most plants engineered for fungal resistance express proteins that are toxic to pathogenic fungi or inhibit their growth. Over twenty plant species, including many commercially important crops, have been transformed with genes encoding chitinases or glucanases (Punja, 2001 ). These are PR-proteins, released by the host plant in response to pathogen attack, which hydrolyse the major components of the fungal cell wall. Their expression is therefore designed to inhibit hyphal growth. In most cases, disease progress has been arrested but the overall level of control is only moderate. Tobacco, carrot and tomato have each been engineered to express both chitinase and glucanase simultaneously, and these plants show greater resistance, indicating that the two enzymes can work synergistically (van den Elzen et al. 1993; Zhu et al. 1994; Jongedijk et al. 1995) .
Chitinases and glucanases are not the only PR-proteins to exhibit anti-fungal activity and others have been expressed in transgenic plants with encouraging results. Proteins of the PR-5 group (osmotitin and thaumatin) inhibit fungal growth by causing the formation of pores in the plasma membrane. Such proteins have been expressed in tobacco, rice, wheat, potato and carrot. In most cases they have reduced lesion development and delayed the onset of disease against various fungal pathogens (Liu et al. 1994; Zhu et al. 1996; Chen et al. 1999; Datta et al. 1999) . Anti-fungal proteins of the PR-1a and PR-10 groups have also been used successfully (for example, Chang et al. 1993; Wang et al. 1999) .
Small peptides with anti-fungal activity, for example, defensins and thionins, have been shown to confer resistance to pathogens when expressed in transgenic plants (Cary et al. 2000; Osusky et al. 2000; Li et al. 2001) . Potatoes expressing lucerne defensin have been shown to be resistant to Verticillium infection in field trials (Gao et al. 2000) and hevein-like proteins expressed in tomato conferred resistance to Phytophtora capsici and Fusarium oxysporum (Lee et al. 2003 ).
An alternative to the expression of proteins that kill or restrict fungal pathogens is the expression of proteins that block the activity of fungal virulence products and therefore prevent infection. The first barrier to an invading pathogen is generally the plant cell wall and infection is initiated by the secretion of enzymes, such as polygalacturonidase, that weaken the wall and allow it to be breached. Powell et al. (2000) have produced transgenic tomato plants expressing pear polygalacturonase-inhibiting protein; infection by Botrytis cinevea was shown to be inhibited. Fungi also secrete toxins such as oxalic acid as part of their pathogenic arsenal. Transgenic tomato plants expressing Collybia oxalate decarboxylase, which breaks down and neutralises the toxin, demonstrated enhanced resistance against another commercially important pathogen, Sclerotinia sclerotiorum (Kesarwani et al. 2000) . Finally, genes can be introduced into the plant that increase the production of toxic secondary metabolites, such as phytoallexins. For example, the grape stilbene synthase (resveratrol synthase) gene, which has been expressed in tobacco, tomato, barley, rice and wheat, has been shown to confer resistance to a range of fungal pathogens (Hain et al. 1993; Stark-Lorenzen et al. 1997; Thomzik et al. 1997; Leckband & Lörz, 1998; Fettig & Hess, 1999) .
A specific resistance gene providing resistance against bacterial blight. Bacterial diseases cause significant losses in crop yields, and many different transgenic strategies have been developed to prevent infection or reduce the severity of symptoms (Herrera-Estrella & Simpson, 1995; Mourgues et al. 1998; Punja, 2001) . One of the most prevalent bacterial diseases of rice is bacterial blight, which causes losses totalling over US $250 million every year in Asia alone. This disease has received a great deal of attention due to the discovery of a resistance gene complex in the related wild species Oryza longistaminata. The trait was introgressed into cultivated rice line IR-24 and was shown to confer resistance to all known isolates of the blight pathogen Xanthomonas oryzae pv. oryzae in India and the Philippines (Khush et al. 1990) .
Further investigation of the resistance complex resulted in the isolation of a gene, named Xa21, encoding a receptor tyrosine kinase (Song et al. 1995) . The transfer of this gene to susceptible rice varieties resulted in plant lines showing strong resistance to a range of isolates of the pathogen Tu et al. 1998; Zhang et al. 1998) . As stated earlier (p. 27), the Xa21 gene has been stacked with two genes for insect resistance to generate a rice line with resistance to bacterial blight and a range of insect pests, and this is due for commercial release in China in the near future (Huang et al. 2002a) . As with insect resistance genes, the widespread use of transgenic plants carrying a single resistance factor could prompt the evolution of new pathogen strains with counteradaptive properties. Therefore, other blight resistance transgenes are being tested for possible deployment either alone or in combination with Xa21. For example, Tang et al. (2001) have produced rice plants expressing a ferredoxin-like protein that had previously been shown to delay the hypersensitive response to the pathogen Pseudomonas syringae pv. syringae. In inoculation tests with X. oryzae pv. oryzae, all the transgenic plants showed enhanced resistance against the pathogen.
Pathogen-derived resistance against viral diseases.
Pathogen-derived resistance to viruses can be achieved in a number of different ways, but the most widely used strategy is the expression of transgenes encoding viral coat proteins, which appear to block viral replication at both the RNA and protein levels. Several examples of this strategy have been demonstrated in rice, which is host to ten or more disease-causing viruses. In South-East Asia, for example, tungro is the most damaging disease. This is caused by the combined action of two viruses: rice tungro bacilliform virus and rice tungro spherical virus. In Central and South America, rice hoja blanca virus has been known to cause up to 100 % losses. Pathogen-derived resistance to these diseases has been achieved in experimental plants by expressing coat-protein genes from rice tungro bacilliform virus, rice tungro spherical virus and rice hoja blanca virus Lentini et al. 1996; Sivamani et al. 1999) .
In Africa, the major cause of disease in lowland rice ecosystems is rice yellow mottle virus (RYMV), which caused a yield loss of 330 000 tonnes between 1998 and 2000. The only naturally occurring resistance genes to RYMV are found in African landraces, which are difficult to cross with the cultivated varieties. Therefore, transgenes were constructed from the RNA polymerase gene of RYMV, which encodes a highly conserved component of the virus replicative machinery (Pinto et al. 1999) . The gene was transferred to three West African cultivated rice varieties that are grown in regions with the worst records of viral disease and where the yield gaps were the highest. All three varieties were shown to be resistant to RYMV, and one of the varieties was resistant to isolates of the virus from several different locations in Africa. In the best-performing lines, viral replication was completely blocked over several generations. The resistance appeared to be RNA-mediated.
Pathogen-targeted resistance against viral diseases.
Several classes of non-viral gene products can be used to provide specific protection against viral pathogens, including ribosome-inactivating proteins, which block protein synthesis (Moon et al. 1997; Tumer et al. 1997 ), ribonucleases, which destroy the virus genome (Watanabe et al. 1995) , 2Ј,5Јoligoadenylate synthetases, which interfere with replication (Ogawa et al. 1996) , ribozymes, which cleave viral genomes causing them to be degraded by cellular enzymes (de Feyter et al. 1996; Kwon et al. 1997) and recombinant antibodies, which bind and neutralise viral epitopes (Tavladoraki et al. 1993; Schillberg et al. 2001) . Thus far, none of these strategies has been tested in field trials so their overall impact is uncertain.
Pathogen-targeted resistance against nematodes. Nematodes are pathogens that parasitise plant roots. While many spend their entire life cycle in the rhizosphere, others, particularly of the genera Meloidogyne, Globodera and Heterodera, invade the root and alter plant gene expression to establish specialised feeding structures. As well as changing root morphology, this drain on resources results in poor growth and wilting and facilitates the transmission of plant viruses (Jung et al. 1998) .
Nematodes represent a significant threat to food security in Africa, Asia and South America. In some parts of Asia, Meloidogyne species (root knot nematodes) can reduce rice yields by up to 70 %. In Africa, Meloidogyne and Pratylenchus species cause 20-40 % losses in upland rice systems and in banana plantations. The impact of nematodes on food security is best exemplified in Bolivia, a country of seven million individuals who rely predominantly on potatoes for food. Most of the Bolivian population depends on rural subsistence agriculture, but the yield of potatoes in Bolivia is ten times less than is possible with the same land area in the UK. A significant proportion of the yield gap is due to damage caused by Globodera, Meloidogyne and Nacobbus (false root knot nematode).
Several GM strategies to produce nematode-resistant plants have been investigated. One approach is the acceleration of plant breeding by transferring natural resistance genes from resistant to non-resistant plants. A useful candidate, which has been well characterised, is the tomato Mi gene conferring resistance to Meloidogyne spp. (Hwang et al. 2000) .
Many of the strategies used to confer insect resistance also appear to work against nematodes. Cysteine proteinase inhibitors have also been shown to have nematicidal activity, since cysteine proteinases are required by nematodes for the digestion of dietary protein. The expression of a modified oryzacystatin-I gene in tomato and rice interfered with nematode development in laboratory tests (Urwin et al. 1997; Vain et al. 1998) , and effective resistance has been demonstrated in field trials (Urwin et al. 2001) . Some lectins are also toxic to nematodes, as demonstrated by the expression of GNA in potatoes. The number of Globodera pallida females on the transgenic potatoes was reduced to one-fifth of the level seen on non-transformed roots (Burrows et al. 1998) . A preliminary study with transgenic tomato plants expressing the Bt toxin Cry1Ab after inoculation with Meloidogyne resulted in a reduction in egg mass to one half the normal value (Burrows & de Waele, 1997) . GM varieties of several subsistence crops expressing cystatin transgenes are currently undergoing field trials in Africa (rice, banana) and Bolivia (potato).
Genetic modification targets II: abiotic stress tolerance
After pests and diseases, unfavourable environmental conditions (abiotic stresses) represent the next major productivity constraint in the developing world. The most significant abiotic factors affecting food production are drought, poor soil quality, salinity and (in Asia) flooding. The development of crops with an inbuilt capacity to withstand these effects could help to stabilise crop production and hence significantly contribute to food security (Holmberg & Bulow, 1998; Bray et al. 2000; Zhang et al. 2000) . Furthermore, since only 35 % of the world's potential arable land is currently used, the modification of plants to prosper in marginal environments could help to expand agricultural production to ensure continuing food security in the coming decades.
Specific targets: drought and salinity stress
Many plants respond to drought (prolonged dehydration) and increased salinity by synthesising small, very soluble molecules such as betaines, sugars, amino acids and polyamines. These are collectively termed compatible solutes, and they increase the osmotic potential within the plant, therefore preventing water loss in the short term and helping to maintain a normal physiological ion balance in the longer term (Yancey et al. 1982) . Compatible solutes are non-toxic even at high concentrations, so transgenic approaches have been used to make them accumulate in crop plants in order to improve drought and salinity tolerance (Chen & Murata, 2002; Serraj & Sinclair, 2002) .
Several species have been engineered to produce higher levels of glycine betaine but in most cases the levels achieved have fallen short of the 5-40 µmol/g fresh weight observed in plants that naturally accumulate this molecule under salt stress conditions (Sakamoto & Murata, 2000 . However, transgenic rice plants expressing betaine aldehyde dehydrogenase, one of the key enzymes in the glycine betaine synthesis pathway, accumulated the molecule to levels in excess of 5 µmol/g fresh weight (Sakamoto et al. 1998) . In China, transgenic rice plants expressing beatine aldehyde dehydrogenase will probably be the first commercially released GM plants developed for abiotic stress tolerance, and will be available for small-scale subsistence farmers as well as large producers (Huang et al. 2002b) .
In the laboratory, the authors of the present review have studied the effects of polyamine accumulation on drought and salinity tolerance in rice and wheat. Transgenic plants with increased polyamine levels were shown to tolerate five times the amount of salt that is lethal to wild-type plants and were able to survive and perform well for 20 d without water while wild-type plants began to deteriorate if water was withheld for more than 4 d (Capell et al., unpublished results) . Increased drought tolerance has also been demonstrated in potato plants accumulating high levels of the sugar trehalose. However, these plants showed unanticipated morphological changes and modification of structural carbohydrates (Yeo et al. 2000) . Therefore, a careful balance has to be struck between increased stress tolerance and unwanted physiological effects on plant growth.
As well as compatible solutes, plants also produce osmoprotectant proteins known as dehydrins in response to drought and salinity stress. The overexpression of such proteins offers another strategy to generate drought-tolerant crop varieties. Xu et al. (1996) expressed the barley dehydrin HVA1 in transgenic rice, and the transgenic plants were shown to be resistant to water deficit and salt stress. More recently, several wheat dehydrins have been expressed in transgenic rice and have also been shown to increase dehydration tolerance (Cheng et al. 2001 .
The overexpression of ion channels and pumps that increase the efflux of Na ions from the cytosol has been explored as a strategy to counteract the effects of ion stress brought about by increased salinity. The Arabidopsis NXH1 gene, which encodes a vacuolar Na + /H + antiporter, has been overexpressed in tomato and rapeseed, and confers salt tolerance on the transgenic plants (Apse et al. 1999; . While the modification of single transporters is useful, manipulation of signal transduction pathways and gene regulation networks that control the response to salt stress may be more useful in the future (Hasegawa et al. 2000; Zhu, 2001 ).
Specific targets: flooding stress (hypoxia)
While the absence of water is detrimental to plants, too much water can also be a problem particularly in rain-fed areas where the level of precipitation can be excessive. The main consequence of flooding is an O 2 deficit in the roots, which induces ethylene synthesis in the aerial parts of the plant, resulting in chlorosis, senescence and eventually death (Stearns & Glick, 2003) . The increase in ethylene synthesis in flooded plants is due to the induction of 1-aminocyclopropane-1-carboxylate (ACC) synthase. The ACC produced in the roots is transported to the aerial parts of the plant, where it is converted into ethylene by another enzyme, ACC oxidase (for a review, see Grichko & Glick, 2001b) .
Transgenic tomato plants expressing ACC deaminase, a catabolic enzyme that draws ACC away from the ethylene synthesis pathway, showed increased tolerance to flooding stress and were less subject to the deleterious effects of root hypoxia on plant growth than non-transformed plants. The most significant improvements were achieved by expressing the transgene under the control of the Agrobacterium rhizogenes root-specific rolD promoter (Grichko & Glick, 2001a) . Transgenic tomato plants have also been produced in which the endogenous ACC synthase or ACC oxidase genes have been suppressed by antisense RNA. In plants transformed with antisense ACC synthase, ethylene production was lowered to less than 1 % of normal levels (John, 1997) . Antisense ACC oxidase plants showed lower ethylene levels following root submergence (English et al. 1995) .
Specific targets: poor soil quality
In addition to water and sunlight, mineral nutrients are essential for plant growth and development. The maintenance of soil fertility, by adding inorganic or organic sources of nutrients, has made a major contribution to the increase in food production over the last 40 years (Loneragen, 1997) . Fertiliser use is projected to double again over the next 20 years to ensure that production continues to keep pace with population growth (Food and Agriculture Organization, 2000). However, despite increased inputs of N, P and K, yields of rice and wheat have started to decline in some parts of Asia. It is thought that deficiencies in other nutrients, such as S, Zn and Fe, are responsible for this decline, and that a key to producing high yields under intensive cropping systems is a supply of mineral nutrients that is both adequate and balanced (Hossain & Singh, 2000) .
The problem of mineral exhaustion is exacerbated by poor soil quality, which locks the available nutrients into inaccessible compounds. About 65 % of the world's potential arable land consists of marginal soils, which are characterised by extremes of pH, limited nutrient availability (particularly P and Fe) and high levels of toxic metal ions (Marshner, 1995) . Acidic soils, which account for 40 % of the arable land, have low levels of available P and Fe but high levels of Al. In an acidic environment, both Fe and Al sequester P into insoluble or poorly soluble molecules. Al is also toxic in its own right, its major effect being the inhibition of root development. Alkaline soils account for 25 % of arable land. The major problem in alkaline soils is the high level of Ca and Mg ions, which also sequester P into insoluble and sparingly soluble molecules. Ca 2+ is an essential signalling molecule in plants and high levels of this metal ion can interfere with normal plant growth and metabolism.
Despite these problems, many plants have adapted to grow in marginal soils and some tolerant varieties of crop plants have also been produced by mutation and conventional breeding. A common factor among these tolerant plants is the increased exudation of organic acids, such as citrate, malate and oxalate, from the roots. These substances concentrate in the rhizosphere and are thought to have a number of protective effects, including the displacement and solubilisation of P and Fe, the chelation of Al and the attraction to the rhizosphere of beneficial micro-organisms, which may also enhance nutrient availability (LopezBucio et al. 2000b) . The production of transgenic crop plants engineered to exude higher levels of organic acids is therefore an attractive strategy to increase the use of marginal soils. The model experimental plants tobacco and Arabidopsis, as well as the important developing country food crop papaya, have been transformed with bacterial or plant citrate synthase genes to increase organic acid production and induce tolerance of poor soils (de la Fuenete & Herrera-Estrella, 1997; Koyoma et al. 2000; Lopez-Bucio et al. 2000a) . The analysis of root extracts by HPLC showed that citrate levels were ten times higher than normal, but more importantly, the levels of citrate recorded in root exudates were four times the normal level. These plants could grow in the presence of Al ions at ten times the concentration sufficient to suppress the growth of nontransformed plants, and there was no evidence of Alinduced root damage. The transgenic plants also performed better in alkaline soils. They grew and flowered normally and produced seeds, whereas control plants showed restricted vegetal growth and failed to produce flowers or seeds (Lopez-Bucio et al. 2000a) . The exudation of phytase from the roots of transgenic plants can be used to release P locked away in organic compounds, since much of the organic P in soil is present as phytate (Hayes et al. 1999) . Initial experiments with Arabidopsis plants secreting phytase from the roots showed that the transgenic plants were able to grow much better than control plants on phytate medium. The development of crop plants that secrete phytase and organic acids is therefore an important goal for the future.
Genetic modification targets III: lifting the yield ceiling
Much of the success of the Green Revolution was due to the development of semi-dwarf varieties of rice and wheat with biomass accumulation diverted away from vegetative tissues and towards grains (Chrispeels & Sadava, 2003) . With increasing knowledge of the genes that control plant growth and development, an emerging strategy to increase yields still further is to use GM technology for the manipulation of plant architecture. This not only has the potential to increase the harvest index (usable biomass:waste ratio), but can help to increase yields in other ways; for example, by altering the number, shape and angle of leaves to maximise the efficiency of light use in crowded fields. The control of plant development is only one of several approaches whose overall aim is to increase the amount of fixed C in photosynthetic sink tissues. Further approaches include the manipulation of plants to increase the efficiency of nutrient uptake, which in many cases overlaps with strategies aiming to improve the performance of crops on marginal or depleted soils. Photosynthesis is also a useful target for improvement, as is the control of C partitioning between sucrose, starch and amino acids. This section of the review considers a diverse range of approaches for yield improvement, which in combination with traditional measures could have a major impact on food security in the coming decades. An important but often overlooked component of this strategy is the exploitation of genes for male sterility and apomixis to produce stable, high-yielding hybrids.
Increasing the efficiency of photosynthesis
In terms of yield enhancement, photosynthesis is perhaps the most obvious target for genetic intervention because it determines the rate of C fixation, and therefore the overall size of the organic C pool. Strategies for increasing photosynthetic activity include the modification of light-harvesting phytochromes and key photosynthetic enzymes. Most work has been carried out in tobacco because the technology for gene transfer to chloroplasts is most advanced in this species, but there have been some attempts to transfer the technological approach to important food crops resulting in higher yields.
In an example of phytochrome engineering, transgenic potato plants expressing an Arabidopsis phytochrome cDNA showed a reduced shade response, limiting the stem height even under crowded conditions and thus diverting more biomass towards the tubers. The rate of photosynthesis also improved due to an increase in the number of chloroplasts (Thiele et al. 1999) . Attempts to modify the major enzymes responsible for photosynthate assimilation, i.e. Rubisco and the enzymes of the Calvin cycle, have been restricted mainly to tobacco (for example, Miyagawa et al. 2001; Whitney & Andrews, 2001 ). However, progress has been made in crop species by attempting to introduce components of the energy-efficient C 4 photosynthetic pathway into C 3 plants, which loose a proportion of their fixed C through photorespiration. The key step in C 4 photosynthesis is the conversion of CO 2 into C 4 organic acids by the enzyme phosphoenolpyruvate carboxylase (PEPC) in mesophyll cells. The maize gene encoding PEPC has been transferred into several C 3 crops, including potato (Ishimaru et al. 1998 ) and rice (Matsuoka et al. 1998; Ku et al. 1999) in order to increase the overall level of C fixation. Transgenic rice plants were also produced expressing pyruvate orthophosphate dikinase and NADP-malic enzyme (Ku et al. 1999) . Preliminary field trials in China and Korea demonstrated 10-30 % and 30-35 % yield increases for PEPC and pyruvate orthophosphate dikinase transgenic rice plants, respectively, which was quite unexpected since only one C 4 enzyme was expressed in each case. In the PEPC transgenic plants, there was also an unanticipated secondary effect in which Rubisco showed reduced inhibition by O 2 (Ku et al. 1999) .
Engineering carbon metabolism
Metabolic approaches to increase overall yields focus on the conversion of sugars, representing the direct products of photosynthesis, to the bioavailable storage carbohydrate starch. Several different strategies have been attempted. These include the manipulation of enzyme activity and regulation in source tissues to increase the C flux to sink tissues (Paul et al. 2001) , increasing the efficiency of sugar transport to sink tissues (Rosche et al. 2002) and the manipulation of enzyme activity in the sink tissue itself to increase the conversion of photoassimilates into starch. Transgenic approaches to increase sugar to starch conversion have focused primarily on the modulation of sucrose metabolism or on the manipulation of the plastidial starch synthesis pathway. Most progress has been made in potato where starch metabolism has been studied in particular detail.
To date, the most successful approaches have been those targeted at the plastidially localised reactions with plants overproducing either an unregulated bacterial ADP-glucose pyrophosphorylase (Stark et al. 1992) or the Arabidopsis amyloplastidial ATP-ADP translocator (Tjaden et al. 1998) , both of which led to a marked increase (up to 150 %) in starch accumulation. Inhibition of the plastidial adenylate kinase in transgenic potatoes resulted in a substantial increase in the level of adenylates and a 60 % increase in the level of starch, in combination with a 40 % increase in tuber yield (Regierer et al. 2002) . In addition, the concentrations of several amino acids were increased by a factor of two to four. Attempts have also been made to improve starch yield by producing a more efficient pathway of sucrose degradation, consisting of either a yeast invertase and a bacterial glucokinase (Sonnewald et al. 1997; Trethewey et al. 1998) or a bacterial sucrose phosphorylase (Trethewey et al. 1998) . The rationale behind this approach is to supply a large pool of immediate substrates for ADPglucose pyrophosphorylase. However, these attempts actually reduced starch accumulation in the transgenic plants and further studies suggested that glycolysis was activated resulting in the respiration of the stored starch. Ehrhardt et al. (2001) have shown that an overall increase in the level of stored carbohydrates in plants can be achieved by overexpressing dihydro-orotase, a gene of pyrimidine metabolism. In a similar study designed to improve the storage capacity of potato tubers, the enzymes α-glucan L-type phosphorylase and α-glucan H-type phosphorylase have been inhibited. Transgenic tubers demonstrated a reduced conversion of starch to sugar during storage, thus increasing the storage life as well as increasing the carbohydrate content. Improved yield can also be achieved by expressing the bacterial enzyme fructose-1,6-bisphosphate aldolase, which reversibly catalyses the conversion of triosephosphate to fructose-1,6-bisphosphate. Transgenic plants expressing Escherichia coli fructose-1,6-bisphosphate aldolase showed higher levels of starch at the expense of sugar concentration, and a greater root mass (Barry et al. 1998) . Smidansky et al. (2002 Smidansky et al. ( , 2003 have shown that wheat and rice plants transformed with a modified form of the maize gene for ADP-glucose pyrophosphorylase (shrunken2) showing resistance to inhibition by orthophosphate have about 40 % (wheat) and 20 % (rice) more seed biomass than wild-type controls.
Plant architecture
Plant architecture has a significant effect on crop yields because it influences many characteristics, such as height, the size, number and arrangement of leaves, and the structure of the root system. All of these may affect plant performance in terms of strength, efficiency of nutrient uptake and capacity for C fixation, resulting in better yields. Particularly in cereals, erect leaves are desirable because plants bearing such leaves can be planted densely, yet still perceive sunlight efficiently. Plants with short stems generally have a better harvest index than long-stemmed plants because more biomass is diverted to the reproductive tissues, and such plants are also more resistant to lodging. These traits are controlled by plant hormones and one major transgenic strategy, discussed below, is the manipulation of hormone signalling pathways to generate plants with agronomically useful characteristics. Others include the manipulation of developmental regulator genes and genes that control the cell cycle. Some case studies are discussed later (p. 33).
Gibberellin signalling. The Green Revolution saw the widespread adoption of semi-dwarf rice, wheat and maize varieties, which have since been shown to carry mutations in orthologues of the Arabidopsis gibberellic acid (GA)-insensitive gene. This encodes a negative regulator of GA signal transduction (Peng et al. 1999) . In normal cereals, the increased use of fertiliser leads to better grain weights but it also increases culm (stem) elongation and the overall height of the plant, making such plants susceptible to lodging. Semi-dwarf varieties show increased grain yields without culm elongation, and this is highly desirable, especially in the monsoon regions of Asia where high winds and heavy rain cause extensive crop damage.
The transfer of a mutant Arabidopsis GA-insensitive gene into rice is sufficient to induce a dominant semidwarfing phenotype (Peng et al. 1999; Fu et al. 2001) . This suggests that the manipulation of GA signalling could be a useful approach to increase yields in a wide variety of plants. Related strategies include the manipulation of genes involved in GA synthesis or those regulated by GA. For example, GA2-oxidase plays an important role in the regulation of plant growth by reducing endogenous levels of bioactive GA. A rice GA2-oxidase gene, OsGA2ox1, has been cloned and introduced into wild-type plants leading to the inhibition of stem elongation . Similarly, GA 3␤-hydroxylase increases the levels of bioactive GA. The rice gene for GA 3␤-hydroxylase, OsGA3ox2, has been isolated and antisense transgenes introduced into wild-type plants, producing a dominant semi-dwarf phenotype.
Brassinosteroid signalling. Brassinosteroids are plant hormones found at low levels in pollen, seeds and young vegetative tissues, which regulate gene expression, stimulate cell division and cause differentiation (Clouse & Sasse, 1998) . Analysis of a dwarf rice mutant with unusually erect leaves led to the identification of OsBRI1, the rice orthologue of the Arabidopsis brassinosteroid receptor protein Bri1 (Yamamuro et al. 2000) . Transgenic plants expressing antisense OsBRI1 cDNA under the control of a constitutive promoter have erect leaves and a severe dwarf phenotype (Yamamuro et al. 2000) . In order to reduce the severity of this phenotype, an alternative strategy has been used in which a dominant negative OsBRI1 protein was expressed to inhibit but not abolish brassinosteroid signalling. Rice plants were transformed with the kinase domain of the OsBRI1 protein and the resulting plants, constitutively expressing the transgene, had erect leaves without dwarfism. No other differences between the transgenic and wild-type plants were observed. Modelling suggests that 50 % more rice could be grown in the same area with no loss of yield, although this remains to be demonstrated in field trials (Ashikari & Matsuoka, 2002) .
Manipulation of plant development. The manipulation of developmental regulator genes has received less attention than the disruption of hormonal signalling because there is still relatively little information about the roles of developmental genes in crop species. However, there have been some interesting advances that may prove important in the future. For example, homeotic genes such as ZMM8 and ZMM14, which determine spikelet identity in maize, could be used to boost seed numbers in other cereals (Cacharrón et al. 1999) . Similarly, many of the genes that control the formation of root hairs have been identified in Arabidopsis, and these could be used to produce GM plants with supernumerary hairs, which would be better able to exploit nutrient resources in the soil (Szymanski et al. 2000) .
Plant development can also be influenced by modifying the activity of cell-cycle genes to control cell division. A number of plant cyclins and cyclin-dependent kinases have been ectopically expressed with varying effects on phenotype (den Boer & Murray, 2000) . For example, Arabidopsis cycB1 overexpression led to enhanced root growth, a characteristic that could be exploited in crop plants for lodging resistance and increased nutrient uptake (Doerner et al. 1996) . Similarly increased lateral root formation was observed in tobacco plants expressing yeast cdc25 (McKibbin et al. 1998) . Other characteristics influenced by the manipulation of cell-cycle genes include flowering time (see below), cell size and ploidy, all of which have been shown to be related to crop yields.
Early maturation
Early maturation phenotypes are desirable because they allow early harvesting, which may avoid the exposure of crops to some of the biotic and abiotic stresses discussed earlier in the present article (pp. 24-31). Furthermore, for plants that are harvested several times a year, early maturation may allow extra cropping cycles. Arabidopsis mutants that flower either early or late have identified regulatory genes whose expression could be exploited in crops to induce early flowering. Many of the Arabidopsis floweringtime genes encode transcription factors with a MADS box motif, which is highly conserved in all eukaryotes. It has therefore been relatively simple to isolate orthologous genes from crop plants and manipulate their expression in transgenic plants. In this way, it has been shown that the rice MADS box genes OsMADS1, OsMADS5, OsMADS7, and OsMADS8 can induce floral meristems when overexpressed in tobacco (Chung et al. 1994; . Similarly, Arabidopsis APETELLA1 and AGAMOUS were shown to initiate floral meristems (Mandel & Yamovsky, 1995; Mizukami & Ma, 1997 ). An apple MADS box gene, MdMADS2, also induced premature flowering in tobacco (Sung et al. 1999) . More recently, several rice MADS box genes of the APETELLA1/AGA-MOUS-LIKE9 (AGL9) group (OsMADS1, OsMADS5, OsMADS6, OsMADS7, OsMADS8 and OsMADS14) have been shown to promote both early flowering and cause dwarf phenotypes in transgenic rice (Jeon et al. 2000) .
Nutrient acquisition and accumulation
The manipulation of plant growth and development to optimise light interception, and the optimisation of the photosynthetic machinery itself, can be thought of as a series of measures to increase C flux from atmospheric CO 2 to energy-rich molecules eventually consumed as food. However, many other nutrients are required for efficient plant growth, the most important of which are N, P, K and S (Hill & Hillebrand, 2001) . In agricultural systems these are usually applied as fertiliser, so little attention has been given to the efficiency with which plants take up these molecules from the environment. Plants that acquire and accumulate nutrients more efficiently are desirable not only because of the potentially higher yields that could be achieved on the same amount of land, but because they will reduce reliance on fertilisers.
At the present time, the application of transgenic technology to plant nutrient uptake is in its infancy. It is also important to realise that increasing the uptake of nutrients only serves to create an inorganic nutrient pool in the plant, which may be toxic. Therefore, it is also necessary to optimise the assimilation of these molecules into non-toxic organic molecules. Another consideration is the control of ion efflux, to stop inorganic nutrient pools leaching out of the plant. Many plants undergo local changes to root morphology in response to nutrient availability, and the import of such developmental capabilities into crops might be useful to exploit 'pockets' of nutrients in marginal soils (see Stitt, 1999) .
The overexpression of nitrate transporters has been demonstrated but only for the purpose of dissecting the regulation of N metabolism, not for the agricultural improvement of crops (Huang et al. 1999; Fraisier et al. 2000) . While increasing the uptake of nitrate is a necessary step, the accumulation of free nitrate ions in edible plant organs will make them toxic. Any increase in nitrate uptake must therefore be matched by an increase in nitrate assimilation into N-rich organic molecules, as has been achieved by the overexpression of glutamine synthetase and glutamine dehydrogenase in transgenic tobacco and maize plants (Lightfoot et al. 1998; Harrison et al. 2000) . Guo et al. (1998) have reported the transformation of rice with a Parasponia haemoglobin gene in order to create the low O 2 environment required to protect nitrogenase from O 2 damage. This may facilitate associations between Rhizobium strains and rice, providing the first step towards the goal of N-fixing cereals.
The high-affinity phosphate transporter from Arabidopsis has been overexpressed in cultured tobacco cells resulting in enhanced uptake capacity and biomass accumulation even in a phosphate-depleted medium (Mitsukawa et al. 1997) . Some components of the phosphate-response signalling pathway have also been identified in Arabidopsis, and these could provide further tools for the regulation of phosphate uptake in future GM crops (Huang et al. 2000) . Thus far there have been no reports of transgenic plants expressing sulfate transporters or components of the sulfate-detecting signal transduction pathway although a number of candidates have been identified (for example, see Davies et al. 1999) .
Genetic modification targets IV: increasing the nutritional value of food
Food security depends not only on the quantity of food available but also on its nutritional quality. Unfortunately, the poorest individuals in the world are faced with a limited choice, and generally rely on a single staple food crop for their energy intake. Most plants are deficient in some essential amino acids, vitamins and minerals but a balanced diet provides adequate quantities of all. Problems arise when the diet is restricted to a single protein source, which is often the case for both human populations and domestic animals in developing countries (Graham et al. 2001) . For example, cereal storage proteins are deficient in lysine and threonine while legumes tend to lack the S-containing amino acids methionine and cysteine. A diet solely comprising one of these protein sources will therefore be deficient for one or more essential amino acids. Milled cereal grains are also deficient in several vitamins and minerals, the most important of which are vitamin A, Fe and Zn. GM strategies to provide nutrient fortification represent one of the most straightforward approaches to alleviate malnutrition, and three case studies are considered below.
Increasing the content of vitamin A in rice
Vitamin A deficiency is prevalent in the developing world, and is probably responsible for the death of 2 million children every year. In surviving children, vitamin A deficiency is a leading, but avoidable, cause of blindness (World Health Organization, 2001) . Man can synthesise vitamin A if provided with the precursor molecule ␤-carotene (also known as provitamin A), a pigment found in many plants but not cereal grains. Therefore, a strategy was devised to introduce the correct metabolic steps into rice endosperm to facilitate ␤-carotene synthesis. The synthesis of carotenes in plants is a branch of the isoprenoid pathway and the first committed step is the joining of two geranylgeranyl diphosphate molecules to form the precursor phytoene. The conversion of phytoene into ␤-carotene requires three additional enzyme activities: phytoene desaturase, ␤-carotene desaturase and lycopene ␤-cyclase. Rice and other cereal grains accumulate geranylgeranyl diphosphate but lack the subsequent enzymes in the pathway, so the genes for all three enzymes are required.
The first major breakthrough was the development of rice grains accumulating phytoene. Burkhardt et al. (1997) described rice plants transformed with the phytoene synthase gene from the daffodil (Narcissus pseudonarcissus) that accumulated high levels of this metabolic intermediate. Further work by the same group (Ye et al. 2000) resulted in rice plants expressing two daffodil genes and one bacterial gene, which recapitulated the entire heterologous pathway. The transgenic rice grains were golden in colour because they were highly enriched in ␤-carotene; the best cases contained more than 1·5 µg ␤-carotene/g dry weight of grain.
The 'Golden Rice' project represents not just a technological breakthrough but a triumph of humanitarian science that should be used as a model for the development and deployment of other GM varieties in the developing world. From the beginning, the clear aim of the project organisers was to maintain freedom to operate and to provide the technology free of charge to subsistence farmers in developing countries, a feat that required careful negotiation over more than 100 intellectual and technical property rights (Potrykus, 2001) . Golden Rice fulfils an urgent need; it complements traditional interventions and provides a real opportunity to address a significant world health problem. It was developed to benefit the poor and disadvantaged and will be given to subsistence farmers with no attached conditions. It requires no additional inputs compared with other rice varieties. Since the original report, further Golden Rice lines have been generated containing only two foreign enzymes (daffodil phytoene synthase and bacterial phytoene desaturase; Beyer et al. 2002) . Furthermore, these lines have been generated with the innocuous selectable marker mannose phosphate isomerase, therefore avoiding the use of antibiotic or herbicide resistance markers that are considered by some to pose a perceived health risk (Lucca et al. 2001b) . Transgenic tomatoes with an elevated content of provitamin A have also been reported (Romer et al. 2000) , as well as plants with increased levels of vitamin C (Hunter, 2001) and vitamin E (Shintani & DellaPenna, 1998) . Still, Golden Rice attracts criticism from pressure groups, mainly because they regard it as the start of a slippery slope towards the acceptance of other GM foods, and it has been suggested that different measures, such as dietary diversity, vitamin supplements or fortification should be considered instead. A comprehensive discussion of the potential benefits and limitations of Golden Rice is presented by van Wijk (2002) .
Increasing the content of essential amino acids
Since much of the world's population relies on cereals as essentially the sole dietary intake there has been much interest in the development of high-lysine cereal varieties. There has been some success with conventional breeding (for example, the opaque2 mutant of maize) but transgenic strategies have been applied to a greater range of crops. One of the first breakthroughs was the antisense inhibition of prolamin synthesis (prolamins are abundant storage proteins but they contain little lysine), leading to the replacement of prolamins with endogenous lysine-rich proteins. Unfortunately, this strategy tended to reduce overall yields by inhibiting starch synthesis.
A more direct approach (Wallace et al. 1988 ) is the modification of cereal storage-protein genes to incorporate codons for lysine and threonine, and also tryptophan (which is generally limiting in most plants). There are two major drawbacks to this approach. First, cereal-storage proteins are encoded by a large gene family in each plant, so the manipulation of one gene makes little impact on the overall protein composition of the seed unless a strategy can be devised to preferentially express the modified gene. Second, part of the reason for the low content of lysine and other amino acids in cereals is the limited free lysine pool. This also affects another strategy for increasing the lysine content of cereals, which is the expression of specific, lysine-rich proteins. Such proteins may be naturally occurring plant proteins, natural proteins that have been modified to increase the number of lysine residues, or even fully synthetic proteins. For example, pea legumin and soyabean glycinin, both of which have high lysine contents, have been expressed successfully in rice and wheat grains (Sindhu et al. 1997; Stoger et al. 2001) .
The most successful experiments have tackled the problem of low lysine content directly, by increasing the availability of free lysine in the plant. In all higher plants, the amino acids lysine and threonine (as well as isoleucine and methionine) are synthesised from aspartic acid. The pathway is highly branched and under complex feedback control. Two principal enzymes are aspartate kinase, which acts early in the pathway and is inhibited by both lysine and threonine, and dihydrodipicolinate synthase, which acts in the lysine-specific branch and is inhibited by lysine alone. Feedback-insensitive versions of the enzymes have been expressed in cereals by introducing bacterial transgenes. For example, Falco et al. (1995) showed that transgenic soyabean expressing bacterial dihydrodipicolinate synthase and aspartate kinase enzymes had levels of free lysine five times higher than non-transgenic plants. Similarly, the expression of dihydrodipicolinate synthase in maize increases the levels of free lysine from less than 2 % to almost 30 % of the free amino acid pool, with concomitant increases in threonine (Falco, 1998) .
More recently, expression of the AmA1 seed albumin gene from Amaranthus hypochondriacus in potato has been shown to double the protein content and increase the content of essential amino acids (Chakraborty et al. 2000) . The AmA1 coding sequence was successfully introduced and expressed in a tuber-specific and constitutive manner, leading to a striking increase in the growth and production of tubers. The modified potato, as for Golden Rice, has been developed with the poor and hungry in mind and is awaiting approval for use in India's 15-year plan to combat poverty and malnutrition in children.
Increasing the content of iron
Fe deficiency is the most prevalent form of mineral deficiency around the world, even in developed countries, and causes severe anaemia particularly in women and children (Graham et al. 2001) . In the developed world, mineral deficiency is prevented by balanced diets, mineral supplements (for example, Fe pills) and fortification (for example, the addition of I to table salt). In developing countries, such countermeasures do not exist and since cereals and legumes are naturally deficient in minerals such as Fe and Zn, there is widespread anaemia and other diseases caused by mineral deficiency. Transgenic plants with increased mineral levels provide one solution to this problem, and there have been some encouraging results with plants designed to accumulate Fe (Cakmak, 2002) . This can be achieved by increasing Fe uptake from the environment (for example, through the activation of Fe transporters) or by increasing the capacity of plants to store Fe. Thus far, only the second strategy has been explored. Goto et al. (1999) expressed the soyabean ferritin gene, encoding an Fe storage protein, in transgenic rice using a glutelin promoter that restricted transgene expression to the endosperm. This resulted in a threefold increase in Fe levels in rice grains. In contrast, the use of a constitutive promoter to drive ferritin expression resulted in elevated Fe levels in the leaves of transgenic rice plants, but not grains (Drakakaki et al. 2000) .
While the total amount of Fe and other minerals in plants is an important determinant of nutritional quality, what really matters is the amount of bioavailable Fe and how well it is absorbed by the human gut. Lucca et al. (2001a) described a combined approach in which the amount of bioavailable Fe could be increased. Transgenic rice plants were produced expressing a bean ferritin gene, encoding a protein that is known to store Fe in a bioavailable form. The plants also expressed a cysteine-rich metallothionein protein belonging to a family of proteins that are thought to enhance Fe absorption from the gut. Finally, the plants also expressed Aspergillus phytase, an enzyme that degrades phytic acid which is considered to limit Fe uptake as well as the utilisation of other nutrients. These rice plants had twice the Fe levels of normal plants although the bioavailability remains to be tested.
Conclusions
Advances in plant transformation and gene expression technology allow the introduction of novel traits into crop plants. Genetically enhanced crops have the potential to address some of the causes of hunger, both directly (by increasing the availability of food) and indirectly (by reducing poverty in developing countries). Crop failure, due to pests and diseases, could be averted by the adoption of plants that are resistant to such biotic stresses. The development of plants that are tolerant of extreme environments could allow marginal soils to be brought into agricultural use, and could allow plants to survive periods of drought or flooding. The modification of plant architecture could increase yields and sturdiness by diverting biomass from stems and stalks to the edible organs. Overall yields could be increased by manipulating photosynthesis, C and N metabolism or by modifying plant development to promote early flowering and multiple growth cycles annually. Exhausted soils could be sown with crops that are better able to extract nutrients, and contaminated soils could be regenerated by plants developed for bioremediation. These measures, in combination with conventional breeding and developments in other agricultural practices, may produce the estimated 50 % increase in grain yields required over the next 50 years to cope with the anticipated increase in population.
Transgenic strategies can also be used to modify the nutritional properties of plants and address the widespread problem of malnutrition in developing countries. The harvestable products of plants can be improved by promoting the uptake, accumulation or synthesis of bioavailable minerals and vitamins, by increasing or modifying the content of amino acids and fats and oils, and by eliminating antinutritional factors. Golden Rice, a GM strain of rice engineered to produce provitamin A, provides a model for the development of nutritionally enhanced crops for the subsistence farmers of developing countries.
The present review has focused on technology and purposely steered clear of the political and trade issues that erect barriers to the wider adoption of GM-enhanced crops in the developing world. However, politics and trade have always been closely associated with agricultural production and distribution. Regrettably these have made GM crops a political football between the European Union and the USA, with the playing field being shifted to Southern African states on the verge of starvation. Recent controversy centred on the refusal of some African states to accept American aid in the form of GM food, for no other reason other than political pressure from certain European Union quarters. This is not only inexcusable and hypocritical but also unethical. It is hoped that in time the value of GM crops, as a component of a serious drive focusing on sustainability, will contribute significantly to the improvement of food security in the developing world.
